Abstract-This letter presents a novel high-gain four-quadrant analog multiplier using only n-type enhancement indiumgallium-zinc-oxide thin-film-transistors. The proposed circuit improves the gain by using an active load with positive feedback. A Gilbert cell with a diode-connected load is also presented for comparison purposes. Both circuits were fabricated on glass at low temperature (200°C) and were successfully characterized at room temperature under normal ambient conditions, with a power supply of 15 V and 4-pF capacitive load. The novel circuit has shown a gain improvement of 7.2 dB over the Gilbert cell with the diode-connected load. Static linearity response, total harmonic distortion, frequency response, and power consumption are reported. This circuit is an important signal processing building block in large-area sensing and readout systems, specially if data communication is involved.
when the readout circuits response needs to be modulated for communication and interfacing [5] . Nonetheless, the work done towards the mixer or multiplier implementation with oxide TFTs is very limited [6] . In this letter a high-gain novel analog multiplier based on differential Gilbert cell [7] is characterized from measurements and, to the authors best knowledge, for the first time.
Unavailability of reproducible p-type oxide TFTs is one of the technology limitations that restricts the design of high-gain topologies. However, this limitation can be addressed with circuit design techniques, such as active load with cascode bootstrapping [2] and positive feedback [8] .
The work starts with the characterization of a Gilbert topology using a diode connected transistor as the load (referred as 'Mul1'). Since there are no benchmarks for the multiplier performance in the literature with oxide TFT technology, Mul1 is used as a reference to assess the perfomance of the proposed circuit, referred from here on as 'Mul2'. Its high gain is achieved with an active load employing positive feedback [8] . Both circuits were implemented solely with n-type enhancement TFTs in order to minimize the number of needed masks, processing steps and hence the fabrication cost.
An in-house model was used for circuit simulations [9] , and the corresponding integrated circuit (IC) fabrication took place at room temperature, followed by annealing at 200°C. The fabrication process is the same as described in [9] , except that sputtered Mo is now used for drain, source, gate electrodes and interconnections in the circuit layout. Devices show a turn on voltage of −0.9 V, a threshold voltage of 0.85 V, a mobility of 20 cm 2 /V.s, and a subthreshold slope of 0.2 V/dec.
A. Gilbert Cell With Diode Connected Load (Mul1)
The circuit schematic and micrograph are shown in Fig. 1a and 1b, respectively. Mul1 is implemented with three differential pairs (T1-T2, T3-T4 and T5-T6), with T0 representing the biasing transistor. Both T7 and T8 are diode connected transistors, acting as active loads with an impedance of 1/g m7, 8 .
For analysis purposes, the I/V relationship for TFTs is roughly approximated by the well known 'level1' FET expression. Having all transistors in saturation, the drain current is then represented by,
After few manipulations, the differential output current (i OUT ) and the voltage (v OUT ) of the multiplier for small differential 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. input voltages x and y are given by,
B. High-Gain Gilbert Cell (Mul2)
The circuit schematic and micrograph of the fabricated circuit are shown in Fig. 2 . Higher gain can be achieved with Mul2 when compared to Mul1, by forcing the same signal level at both gate and source terminals of load transistors (T7 and T8). This goal can be resolved with the help of positive feedback, which is accomplished by T9 to T13 in Fig. 2a .
It should be noted that v .
From Fig. 3b , the load resistance formed by T7 or T8 are given by, By making the A f close to unity, a very high signal-equivalent impedance (r o7,8 ) can be achieved. However, care needs to be taken concerning the feedback strength. If A f is too high, then the effective load resistance may become negative, which causes stability problems. Therefore, to ensure stable operation A f must be less than or equal to unity. Mul2 output voltage is given by,
Under the same biasing conditions Mul2 and Mul1 gains can be related by,
showing that the gain improvement can be as much as the intrinsic gain of the transistor as A f reaches unity.
II. RESULTS AND DISCUSSION

A. Circuits Preparation for Measurements and Test Setup
Both circuits were fabricated on the same glass substrate, as shown in Fig. 4 , and subjected to the same processing conditions in order to provide a fair comparison. Prior to dicing and wire-bonding of individual samples, photoresist was deposited on the entire substrate with spin-coating, in order to protect the circuits from the glass particles that scatter during dicing. Later, the isolated circuits were cleaned with acetone, isopropanol, distilled water and dried with nitrogen. Wire-bonding (with aluminum) was performed between the circuit contacts (Mo) and the printed circuit board tracks (silver). Both circuits were tested under normal ambient conditions. Two linearity assessments were made, a static evaluation and another via the determination of total harmonic distortion (THD). The characterization of the static linearity response was performed with the help of a digital multimeter (Proteck 506). On the other hand, during THD and frequency response characterization, a unity gain buffer (implemented with external IC) was used, which shows approximately 4 pF capacitive load to the circuits under test. For these measurements, an AFG3021B single channel arbitrary function generator and a DS2024B four channel digital storage oscilloscope were used.
The devices in Fig. 1 and 2 were set with the following sizes: W T0 = 320 µm, W (T1-T4) = 80 µm, W (T5-T8) = 160 µm. In Fig. 2 , W T13 = 320 µm, W (T11-T12) = 70 µm and W (T9-T10) = 80 µm. All TFTs present a total gate to source and gate to drain overlap of 10 µm. Considering the order of magnitude of the overlapping, a minimum channel length of 20 µm was set. As it can be noticed, bigger TFT dimensions were employed in the differential pair in order to minimize mismatches and the consequent offsets. In addition, the dimensions of the TFTs in the Mul2 feedback network were chosen to ensure A f < 1. The power supply is set to 15 V in all experiments. The measured static linearity response of both circuits are confronted with the expected ideal results in the normalized form, as shown in Fig. 5 , and for the following stimulus (by keeping all the TFTs in saturation),
The performance metrics are summarized in Table I . They show that Mul2 presents a slightly higher non-linearity for the same input level in comparison to Mul1. Here it should be noted that the Mul2 output swing is much higher compared to Mul1. Circuit simulations also reveal that if the input level is kept constant the worst case linearity error increases with respect to A f . The outcome suggests that as close as the impedance reaches r o , higher non-linearity will result because of higher output voltage level.
The frequency response and THD are presented in Fig. 6 . For this experiment, one of the inputs was set to a small dc voltage (0.5 V), while the other was connected to a sin signal. As expected, Mul2 shows a higher gain. The 7.2 dB gain improvement is a result of a fairly conservative A f to guarantee stability. On the other hand, both circuits are showing similar THD for similar output signal levels. Table I also reveals that Mul2 has higher power consumption, which is due to the additional current provided by the bias transistor (T13) in Fig. 2a. III. CONCLUSION For the first time, an analog multiplier or mixer is characterized with the oxide TFT technology using only n-type enhancement type devices. A high-gain multiplier is proposed, characterized and compared with the traditional Gilbert cell with diode connected load. The gain of the proposed circuit can be controlled and increased further by making the feedback gain (A f ) closer to unity.
